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Abstract 
This research reports on an investigation of the performance of inorganic membranes for use in the 
percrystallisation of nickel sulphate hydrate. In this novel process, the separation of the solvent 
(water) and the crystallised solute (nickel sulphate hydrate) occurs continuously in a single-step, 
avoiding further downstream processing (crystal filtering and drying). The inorganic membranes 
were synthesised with sucrose solution followed by a post vacuum-assisted impregnation of the 
coated film on a -alumina substrate and carbonisation under nitrogen atmosphere. The highest 
fluxes measured were 22 L m-2 h-1 and 1 kg m-2 h-1 (40 g L-1) for water and nickel respectively. 
Interestingly, the transport of solution through the membrane also affected the hydration state of the 
nickel sulphate, as well as the crystal type and shape. High water fluxes delivered pure nickel 
sulphate heptahydrate with elongated and laminar crystal particles (~200 µm). Lower water fluxes 
produced both heptahydrate and hexahydrate salts with approximately spherical particles (also ~200 
µm). There a number of factors that influence the crystallisation reaction such as the rate of 
evaporation which affects water availability and the resultant temperature at the permeate side of 
the membrane. Finally, the activation energy for nickel sulphate crystallisation was estimated to be 
approximately 16 kJ mol-1 based on feed solution temperatures. 
 
Keywords: Nickel sulphate; percrystallisation, inorganic carbon membrane; carbon structure; 
crystals. 
 
1. Introduction  
Owing to its electrochemical and electric properties [1-4], nickel has been gaining increased interest 
from the research community. One of major applications is the incorporation of nickel in cathode 
[5, 6] and in perovskites for bi-functional catalytic material for lithium ion batteries [7], as 
connectors for current collectors [8] as well as in capacitors [9, 10]. Indeed the electronic market 
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has spurred research into higher capacity batteries, where nickel is one of the key components. 
Consequently, the portable battery market has been the driving force for the ever-increased demand 
in nickel precursor production, which requires salts such as nickel sulphate [11, 12]. Nickel sulphate 
is most commonly obtained by the dissolution of nickel metal or nickel containing intermediates in 
a sulphuric acid solution. Subsequently, the solution is processed downstream in a crystallisation 
process employing solvent displacement or extraction, such as vacuum evaporation with seeding, in 
order to attain high-quality nickel sulphate product [13-16]. Nickel sulphate is also produced in 
significant quantities as a by-product of platinum production and copper electro-refining. Nickel 
sulphate is highly soluble in water and its solubility was shown to have a positive correlation with 
temperature in water over the range of 60-80°C and a negative correlation with sulphuric acid 
concentration; the temperature-solubility correlation reverses when the sulphuric acid concentration 
is above about 25 wt.% [17]. 
 
The crystallisation of solutes is an important industrial unit operation widely used for the 
production of a range of products such as sodium chloride [18, 19], paracetamol [20], struvite [21] 
and nickel sulphate [4, 14] to name a few. Conventional crystallisation processes are energy intense 
[22, 23] and require large plant footprints [24].  Further challenges include controlling the reaction 
kinetics that can lead to inconsistent quality of the products [25]. In recent years, research has been 
focused on the development of new crystallisation technologies to address the shortcomings of 
conventional and mature crystallisation processes. One of these technologies is membrane assisted 
crystallisation. To date, a range of polymeric membranes have been described for use in the 
crystallisation of sodium chloride, magnesium sulphate hydrate [26], lithium chloride [27] and 
sodium carbonate [28], or recovery of sodium chloride from reverse osmosis (RO) brines [29, 30], 
in addition to pharmaceutical products such as lysosome [31] and protein [32].  
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Inorganic membrane technology has only recently been proposed for assisting crystallisation 
processes. In 2018, Motuzas and co-workers [33] pioneered a novel continuous crystallisation 
process which resulted in a one-step separation of solvent and dry crystals by employing an 
inorganic membrane. This work showed the potential of using porous carbon membranes for the 
production of crystals for various industrial segments such as hydrometallurgy, pharmaceutical, 
food and chemical industries.  In a subsequent work, Madsen et al. [34] reported that the size of the 
resultant sodium chloride crystals were controlled by the conditions used to prepare the porous 
carbon membranes and operating process conditions. For instance, average particle crystal size of 
2.5 µm were obtained by inorganic membranes, much smaller by up to two orders of magnitude 
than those of 20-200 µm and 300-1000 µm [30, 35] reported for polymeric membranes. Therefore, 
inorganic membranes are opening a window of research opportunities to develop new 
percrystallisation processes in chemical engineering and hydrometallurgical processes. 
 
This work demonstrates for the first time the use of carbon membranes for the percrystallisation of 
nickel sulphate, where operation conditions affect the hydration state of the formed salt. This work 
also shows that membrane percrystallisation is an effective way of crystallising the solute whilst 
concomitantly separating the solvent (water) from the target salt in a single-step process. The effect 
of carbon content in the membrane and testing conditions on water and nickel fluxes were 
investigated. A number of characterisation techniques were used to analyse the membrane 
morphological features such as scanning electron microscopy and helium pycnometry. The formed 
crystals were also analysed by scanning electron microscopy, thermogravimetry and X-ray 
diffraction to determine the particle size, morphologies and the degree of hydration of the resultant 
salt. 
 
2. Experimental 
2.1 Membrane preparation and characterisation 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Membrane coating solutions were prepared by dissolving 20, 30, 40 and 50 wt. % sucrose (>99.8% 
Chem-supply) into demineralised water. The solutions were mixed, followed by 30 minutes of 
sonication. Subsequently, the solutions were used to dip-coat tubular α-alumina  substrates 
(Ceramic Oxide Fabricators, Australia). The substrates had a mean pore size of 0.1 µm, a total 
length of ~4 cm, external and internal diameters of 1 and 0.45 cm, respectively. Dip coating (built 
in house) was performed on the outer shell of the α-alumina support (Ceramic Oxide Fabricators 
(Aus.) Pty Ltd, Australia). Each tube was submerged in a solution for three minutes, with a 
submersion and withdrawal speed of ~31 cm min-1. After dip coating, vacuum (<1.3 mbar) was 
applied through the inner shell of the tube, causing partial impregnation of the sucrose top layer 
coated into the α-alumina tube. The impregnated supports were dried overnight at 60 °C before 
being carbonised in an inert nitrogen atmosphere at 750 °C in a tube furnace (Nabertherm) with a 
Eurotherm PID temperature controller. The heating and cooling ramps were 5 °C min-1 with a dwell 
time of 4 h. After carbonisation, both ends of the membrane tube were coated with Protek type N 
blue solvent cement to create a sealing area. The final active length of the membrane tube was ~3 
cm for percrystallisation testing.  
 
The morphology of the membranes were analysed by scanning electron microscope (SEM), using a 
Jeol JSM-7001F SEM with a hot (Schottky) electron gun and an acceleration voltage of 5 kV. As-
prepared carbon membrane samples were crushed and annealed in air using thermogravetric 
analysis (TGA-DSC1 Mettler Toledo) to determine the carbon content. The heating rate was set to 
10 °C min-1 and the maximum temperature was set to 1000 °C with a dwell time of 30 minutes. 
Pore volumes of the membranes (including substrate) were measured by an AccuPyc 1340 Gas 
pycnometer Micromeritics) instrument at room temperature using helium (99.995% purity). The 
samples were initially degassed by applying vacuum, and purged with helium before measuring the 
volume ten times to obtain an average value. 
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2.2 Membrane testing and nickel sulphate characterisation  
Fig. 1 shows a schematic of the membrane percrystallisation setup used in this work. Nickel 
sulphate solutions were prepared by dissolving amounts of NiSO4⋅6H2O (≥ 98% Chem-Supply) in 
demineralised water to acquire the desired nickel concentrations (10, 40, 70, and 100 g L-1). The 
solutions were heated up to specific temperatures (30, 40, 50, and 60 °C) and fed through the inner 
shell of the membrane tube using a peristaltic pump with a flow rate of ~31 L h-1 to reduce potential 
concentration and temperature polarisation effects. A Büchner flask was utilised as a container for 
housing the membrane which was connected to a cold trap (submerged in liquid nitrogen), followed 
by an isolation valve and a vacuum pump. The percrystallised nickel sulphate crystals were 
collected in the Büchner flask and the solvent (water) in the cold trap. The percrystallised ni ckel 
sulphate samples were dissolved in a known volume of water to determine the solution 
conductivity. The fluxes were calculated by using standard curves of concentrations vs 
conductivity. 
 
Fig. 1. Schematic of percrystallisation setup used for one-step separation of NiSO4 and water. 
 
Percrystallised nickel sulphate samples were subsequently removed from the crystal collection 
chamber for further characterisation using the SEM and TGA equipment above described.  In this 
case, TGA analysis was used to quantify the mass of dry nickel sulphate by heating the powder up 
to 800 °C with a heating rate of 10 °C min-1. In addition, the dry powder was also studied by X-Ray 
Diffraction (XRD) to define the crystalline structure. XRD was carried out using a Rigaku Smartlab 
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X-ray diffractometer at 45 kV, 200 mA, having a step increment of 0.02° and a step speed of 4°min -
1 with filtered Cu Κα radiation (λ=1.5418 Å). 
 
3. Results and discussion  
3.1 Membrane percrystallisation process 
The transport of solute and solvent in membrane percrystallisation is schematically idealised in Fig. 
2. Both water and ions permeate from the feed side (inner shell) to the permeate side (outer shell) of 
the membrane. The thin carbon film on the permeate side provides the ideal conditions for the 
formation of a wet thin film under pervaporation. Without the formation of this wet thin film, 
continuous percrystallisation is not attained. For instance, blank alumina substrates resulted in pore 
flooding as the solution fully permeates through the substrate where a wet thin film in the permeate 
side of the membrane cannot be formed. The wet thin film on the carbon membrane plays a 
fundamental role in this process. Under equilibrium conditions, the amount of water evaporating 
from the thin wet film is replenished by water diffusing through the membrane tube and top carbon 
film. As water evaporates from the wet thin film, it provides the ideal conditions for 
supersaturation, leading to nucleation and crystallisation of nickel sulphate hydrate. This is the 
reason why this novel membrane concept is called percrystallisation, where both solvent and solute 
permeate through the membrane, followed by crystallisation of the solute at the permeate side.  The 
pressure difference between the feed and permeate results in continuous ejection of formed crystals 
from the surface of the wet thin film. The heavier crystals tend to fall to the bottom by gravity 
whilst the lighter solvent vapour can be recovered from the top for further re-use. This is the only 
membrane process that separates liquids from solids in a single-step. A video in supplementary 
information shows visually how the membrane percrystallisation process takes place. 
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Fig. 2. Idealized illustration of the membrane percrystallisation mechanism. 
 
 
Fig. 3. Simplified process flow diagrams of (a) membrane percrystallisation and (b) membrane 
crystallisation. 
 
In terms of chemical engineering and hydrometallurgical processes, there are many potential 
advantages of this novel membrane prescrystallisation process. Fig. 3 depicts the conventional 
membrane crystallisation and membrane percrystallisation process flow diagrams. In the case of the 
former, only the solvent permeates through polymeric membranes, resulting in the formation of 
crystals on the feed side of the membrane. These crystals subsequently require downstream 
processing, namely filtering and drying. In the case of membrane percrystallisation, it is a single-
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step process only where both solvent and solute are separated simultaneously in a single process at 
the permeate side of the membrane. This type of process is envisaged to deliver major operational 
and capital savings in crystallisation in hydrometallurgical applications, thus dispensing the need 
for extra costs associated with additional downstream units and thermal energy to dry crystals, in 
addition to effective solvent recovery. 
 
3.2 Membrane percrystallisation characterisation and performance 
Fig. 4a presents the pore volume as a function of the sucrose concentration in the solution used to 
prepare the membranes. The pore volume remained almost constant with a slightly decrease as the 
precursor solution increased in concentration, which is attributed to the increase of sucrose 
deposition during dip coating of the substrate. This is demonstrated by TGA results derived from 
the carbonisation of sucrose as shown in Fig 4b, where mass loss increased almost linearly from 1.0 
to 3.1 wt. % as the sucrose concentration of the dipping solution changed from 20 to 50 wt %, 
respectively. This finding indicates that the changes of carbon content deposited on the α-alumina 
support was linear to the sucrose concentration.  
 
Contrary to the -alumina substrate that has a white colour, the dark black colour of the membranes 
is associated with the carbonisation of the deposited sugar solution at high temperatures. It should 
be noted that the dark colour is uniform throughout the membrane tubes, as previous works using 
other carbon precursors such as P123 (triblock co-polymers) in silica [36] or phenolic resin [37] 
have not yielded a dark colour throughout the cross section of the membrane. This observation may 
be directly related to the short chain of the sugar molecules in aqueous solutions used in this work, 
which can easily diffuse through the large pores of the -alumina substrate via capillary forces by 
contact a dry solid surface to liquid solution [38]. In the case of long chain carbon precursors 
previously reported, these tend to aggregate to form films and their diffusion is hindered throughout  
the -alumina substrate. Finally, a colour gradient is observed in Fig. 4c as the membranes prepared 
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with the lower concentration resulted in a lighter dark colour while the highest concentration 
yielded the darkest colour. The colour gradient is clearly associated with the mass of sugar retained 
during the dip coating method, which in turn is a function of the concentration of the solution as 
ascertained in Figs. 4a and 4b. 
 
 
Fig. 4. a) Pore volume in membrane material, as a function of dipping concentration; b) carbon 
mass content in membrane material after carbonisation as a function of sucrose concentration used 
for dip coating; c) images of the cross-section of carbonised sucrose membranes at various 
concentrations. 
 
Fig. 5a shows the fluxes of water and nickel sulphate hydrate crystals produced by the membrane 
percrystallisation process at a feed temperature of 40°C and a feed concentration of 40 g L-1 nickel. 
Although the nickel crystals and solutions are indeed nickel sulphate, in this work we report their 
values based on the mass of nickel only, as nickel sulphate may contain different hydration states. 
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The initial finding is that all the prepared membranes in this work were able to continuously 
percrystallise nickel sulphate hydrates. Further, there is a decreasing trend in both water (from 22 to 
13 L m-2 h-1) and nickel production (from 1.0 to 0.77 kg m-2 h-1) as the sucrose solution used to 
prepare membranes increased in concentration. These changes equate to a 40% and 45% decrease in 
water percrystallised nickel fluxes, respectively. These trends are well-aligned with the pore volume 
as well as carbon content results in Figs. 4a and 4b. This finding suggests that the lower carbon 
content retained by the membrane prepared with 20 wt.% sucrose solution delivered the best 
structural modulation for percrystallisation, which yielded the best permeation and evaporation 
performance. Fig. 4b shows the single pass percrystallisation nickel recovery ratio of 4.3%, 
representing the flux through the permeate over the retentate (JNi (JNi + JH2O)
-1×100). This recovery 
ratio can be improved by reducing the solution feed flow rate. However, in this work, a high feed 
flow rate was used to reduce the effects of concentration and temperature polarisation. 
 
Fig. 5. (a) Water and nickel fluxes and (b) nickel single pass recovery ratio as a function of the 
sucrose concentration used for membrane preparation. Testing conditions were nickel feed 
concentration of 40 g L-1 and a temperature of 40 °C.  
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Fig. 6. (a) Water and nickel fluxes and (b) nickel recovery ratio as a function of nickel feed 
concentration. Testing conditions included a membrane dip-coated in 20 wt. % sucrose solution 
concentration at a temperature of 40 °C.  
 
Fig. 6a shows the nickel and water fluxes for the carbon membrane prepared with 20 wt.% sucrose 
solution as a function of the feed nickel solution concentration. It is observed that the water 
production rates decreased by 66 % (from 30 to 10 L m-2 h-1) as the feed concentration of nickel 
increased, while the opposite is true for the nickel fluxes, which increased by 373% (from 0.28 to 
1.3 kg m-2 h-1). The highest nickel flux is equivalent to 11,388 kg per year for 1 m2 of membrane 
area, a high annual production rate. The decrease in water flux is consistent with work done on 
membrane distillation systems with highly concentrated solutions [26, 39]. This is attributed to the 
decrease in the driving force, as the partial pressure of water decreases as the concentration of the 
nickel increases. Likewise, the increase in nickel flux is also directly associated with the driving 
force, as the concentration of nickel in the feed solution also increased. The observed plateau in the 
nickel flux at nickel feed concentrations of 60 mg L-1 is attributed to process limitations. In this 
case, the percrystallisation process is mainly controlled by the evaporation of water from the wet 
thin film as depicted in the schematic in Fig. 2. As the water evaporation is greatly reduced for high 
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nickel feed solutions, this caused a reduction of the permeation of feed solutions through the feed 
side to the permeate side, thus explaining the reduction of nickel flux.  
 
Fig. 7. (a) Water and nickel fluxes and (b) nickel recovery ratio as a function of operating 
temperature. Testing conditions included using a carbon membrane dip coated in 20 wt. % sucrose 
solution and a feed nickel concentration of 40 g L-1.  
 
Fig. 7a presents the fluxes of nickel and water, using the best performing 20 wt. % sucrose 
carbonised membrane, with a nickel feed concentration of 40 g L-1 while varying the operating 
temperature. A near linear trend in water and nickel production rates are observed, with water 
increasing by 76% (from 16 to 29 L m-2 h-1) accompanied by nickel flux increase of 80% (from 0.73 
to 1.3 kg m-2 h-1). By increasing the temperature of the feed solution, the driving force (temperature 
gradient) increases. In addition, the solubility of nickel salts is also increased at the feed side of the 
membrane. As a result, more water is evaporated from the wet thin film and concomitantly with the 
solubility increase in feed side; nickel crystal flux is also increased. The recovery ratio in Fig. 7b 
follows a horizontal linear trend, thus indicating the theoretical recovery ratio of nickel to water in a 
single pass under the testing feed flow rate. 
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Fig. 8. Arrhenius plot of evaporation of water and percrystallisation of nickel sulphate, using a 
carbon membrane dip coated in 20 wt. % sucrose solution and a feed nickel concentration of 40 g L-
1. 
 
Fig. 8 shows the apparent activation energies for water of 15 kJ mol-1 and nickel of 16 kJ mol-1 
required in the membrane percrystallisation process. These values were calculated based on an 
Arrhenius-type equation using the natural logarithm to the flux over the feed temperature. The 
apparent energy of activation for both evaporation of water and percrystallisation of nickel sulphate 
were both found to be in the range of diffusion-controlled reactions in water [40-42]. The apparent 
activation energy for the flux of water (15 kJ mol-1) is comparatively lower than what is found in 
work investigating pervaporation and membrane distillation processes which is reported to be in the 
range of 15 to above 50 kJ mol-1 [43-50]. This means that the energy barrier for water flux in 
membrane percrystallisation is lower. Water evaporation from the wet thin film is a paramount 
aspect of membrane percrystallisation, in turn controlling the nickel fluxes. Hence, the lower 
apparent activation energy of water fluxes are also accompanied by lower apparent activation 
energy of nickel fluxes. In other words, membrane percrystallisation requires less energy to 
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crystallise nickel sulphate compared to other crystallisation processes such as laboratory-scale 
fluidised-bed crystallisers, with an apparent activation energy calculated of 70.5 kJ mol-1 [51].  
 
3.3 Nickel sulphate hydrate characterisation and discussion 
The produced nickel sulphate particles were analysed by XRD, where the diffraction patterns of the 
obtained samples are given in Fig. 9. A key observation from the XRD patterns is that the solutes 
produced by the carbon membranes derived from 40 wt. % and 50 wt % sucrose solutions, or using 
high feed concentration of 100 g L-1, exhibited diffraction peaks consistent with nickel sulphate 
hexahydrate and heptahydrate. In all the other samples only the peaks assigned to nickel sulphate 
heptahydrate were detected. These results indicated that there is a relationship between the resultant 
crystal structure and the transport properties of the membranes. 
 
 
Fig. 9. (a) XRD patterns of nickel sulphate crystals from feed solutions at 40°C produced by (a) the 
carbon membranes prepared with various sucrose concentrations with 40 g L-1 Ni in feed and (b) the 
20 wt % carbon membrane with various nickel feed concentration. Peaks assigned to nickel 
sulphate hexahydrate are noted by * and are summarised by 2θ = 13.9, 19.1, 20.9, 30.7 and 32.8. 
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XRD files for nickel sulphate hexadydrate (PDF 01-075-0364) and heptahydrate (PDF 01-077-
0681). 
 
The formation of different crystalline phases is related to the mechanism of membrane 
percrystallisation in Fig. 2, in particular by the role of the wet thin film in the evaporation of the 
solvent (water). The solvent evaporation rate is modulated by the flow of solution from the feed to 
the permeate surface of the membrane which is critical in the formation of solute crystals. A 
detectable amount of hexahydrate crystals was obtained by the membranes prepared with higher 
sucrose concentrations (40 and 50 wt. %). These membranes had the lowest water fluxes (Fig. 5). 
As the vacuum pressure was constant on the permeate side of the membrane during testing, this 
means that the increase in the sucrose concentration in the carbonised membrane increased the 
resistance to solution diffusion from feed to permeate side. As less water was available for the 
production of crystals with the heptahydrate phase, hexahydrate crystals were also formed during 
percrystallisation. In a similar fashion, the hexahydrate phase was also formed for feed solutions of 
nickel feed concentration of 100 g L-1, again accompanied by lower water evaporation (Fig. 6).  
 
Fig. 10. SEM images of percrystallised samples (a) pure heptahydrate crystal phase produced by a 
20 wt % sucrose derived carbon membrane and (b) hexahydrate and heptahydrate phase produced 
by a carbon membrane using 40 wt. % sucrose solution. Testing conditions at 40 °C and a feed 
nickel concentration of 40 g L-1. 
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Crystal morphological studies by SEM imaging show differences between the pure heptahydrate 
(Fig. 10a) and mixed hepta/hexahydrate (Fig. 10b) crystals. The pure nickel sulphate heptahydrate 
salts are generally elongated and laminar crystal particles, forming aggregates with sizes of ~200 
µm. The samples containing nickel sulphate hepta/hexahydrate mixtures resulted in particles with 
morphological features that result in a spherical shape (also ~200 µm) with cavities, suggesting 
imperfections in the growth of the crystals or crystal agglomeration. These findings show that there 
is a relationship between the morphology of the produced particles which is associated with the 
diffusion of solution from the feed to the permeate side and the resultant hydration state of the 
crystals. 
 
From a chemical equilibrium point of view, nickel sulphate heptahydrate is favoured over 
hexahydrate at temperatures below 28.5°C considering Equation 1 at standard conditions with data 
from HSC Chemistry Software v7.11 (2011). On the permeate side of the membrane, where nickel 
sulphate hydrate is being crystallised, the temperature is lowered due to the endothermic 
evaporation of water which favours heptahydrate. However, the presence of a strong vacuum would 
drive the reaction to the right and favour hexahydrate by promoting water evaporation based on Le 
Chatelier’s principle. From these experiments, our results suggest that the percrystallisation 
mechanism based on the chemical equilibrium considerations alone as nickel sulphate heptahydrate 
may have formed preferentially due to the fast reaction kinetics at the wet thin-film interface. 
NiSO4*7H2O = NiSO4*6H2O + H2O(l)    (1) 
4. Conclusions 
This work demonstrates how carbon membrane percrystallisation is a promising technology for 
hydrometallurgical applications. By tuning the carbon morphological features of the membrane and 
nickel process conditions, it was possible to attain products with differing hydration states and 
shapes. On one hand, pure nickel sulphate heptahydrate with elongated and laminar crystal particles 
(~200 µm) were obtained by using membranes generating high fluxes. On the other hand, a mix of 
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heptahydrate and hexahydrate salts with approximate spherical particles (also ~200 µm) were 
produced by low flux membranes. Aspect of the reaction pathway, kinetic and equilibrium factors 
were discussed. 
 
The highest flux obtained for nickel was 1 kg m-2 h-1 (40 g L-1) with an added benefit of water 
recovery of 22 L m-2 h-1. Solvent recovery is an important aspect in hydrometallurgical processes, 
particularly to reduce costs and comply with zero liquid discharge environmental regulations. The 
percrystallisation process also delivered lower activation energy for nickel sulphate crystallisation 
was estimated at approximately 16 kJ mol-1, lower activation energy than other conventional 
crystallisation technologies. In summary, inorganic membrane percrystallisation is a novel process 
with desirable qualities, which may be suited to diverse set of possible applications in 
hydrometallurgy.  
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Highlights 
 Crystal formation and solvent/solute separation in a single-step.  
 High flux of water (22 L m-2 h-1) and nickel (1 kg m-2 h-1).  
 The carbon membrane’s morphology affected the hydration state of the crystal.  
 High water flux formed pure NiSO4 heptahydrate and lower flux both hepta-hexahydrate.  
 Low apparent activation energy of 16 kJ mol-1 for nickel sulphate percrystallisation.  
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